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effectiveness and the wide usage. The theories are based on the mathematical approaches,
regardless of physical inherence of lightning strokes. The study of this thesis is based on
computer analysis of the field distribution in pre-breakdown stage, laboratory
experiments of various test configurations and mathematical modeling. The impact of the
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calculated protection zone by proposed equations. Finally, the dual-rod lightning
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CHAPTER I
INTRODUCTION

Lightning discharge, a common but spectacular natural phenomenon, has been a
mystery to human beings for centuries. In ancient time people worshiped lightning with
reverence and awe as a certain deed from a god; in modern times people began to explore
the principle of lightning and protect their lives and property against lightning. The
Franklin Rod, a common tool in lightning protection, is widely used in our daily life.
Even in lightning protection of the complicated power distribution system, the Franklin
Rod is the most common and effective avenue to protect substation equipments.
In this chapter, we will start from the theory of lightning phenomena, the
development process of lightning discharge; go in depth to the background of lightning
protection research history, and end with the purpose and main tasks of this thesis.
1.1

Theory of Lightning Phenomena

1.1.1 The History of Study on Lightning
In 1750, Benjamin Franklin hypothesized [1] that tall iron rods insulated from
ground could be used to determine if thunderclouds are electrified. He also postulated
that grounded metal rods would protect buildings from lightning damage. The first
systematic studies of lightning began on May 10, 1752, at the village of Marly-la-Ville
near Paris; sparks were drawn from a tall iron rod that was insulated from ground. This
1



H[SHULPHQW KDG EHHQ SURSRVHG E\ %HQMDPLQ )UDQNOLQ >@ ³WR GHWHUPLQH WKH TXHVWLRQ
ZKHWKHU WKH FORXGVWKDW FRQWDLQ OLJKWQLQJ DUH HOHFWULILHG RU QRW«´)UDQNOLQ GUHZ VSDUNV
IURPWKHFRQGXFWLQJVWULQJRIKLVIDPRXVNLWH LQVXODWHGIURPJURXQG DIWHUKLVVXFFHVVDW
0DUO\EXWEHIRUHKHNQHZDERXWWKHUHVXOW7KHVHLQLWLDOH[SHULPHQWVZHUHLPSRUWDQWQRW
RQO\ EHFDXVH WKH\ SURYHG WKDWWKHUH ZDV HOHFWULFLW\ LQ WKH QDWXUDO HQYLURQPHQW EXW DOVR
EHFDXVHWKH\VWLPXODWHGWKHGHYHORSPHQWRIHOHFWULFLW\DVDVFLHQFHDQGWKHEHJLQQLQJVRI
PRGHUQSK\VLFV
+RZHYHU PRVW SDUWV RI WKH NQRZOHGJH FRQFHUQ DERXW OLJKWQLQJ DQG OLJKWQLQJ
SURWHFWLRQ ZHUH DWWDLQHG E\ WKH WZHQWLHWK FHQWXU\ :LWK WKH GHYHORSPHQW RI SRZHU
V\VWHPVOLJKWQLQJSURWHFWLRQEHFDPHPRUHDQGPRUHLPSRUWDQW7KHDSSOLFDWLRQRIKLJK
VSHHG FDPHUDV WKH ZDYHUHFRUGLQJ RVFLOORVFRSH OLJKWQLQJ RULHQWDWLRQ LQVWUXPHQWV DQG
WKH PRGHUQ WHVWLQJ PHDQV IRU VWXG\LQJ ORQJ GLVWDQFH DLU GLVFKDUJH DOO KDYH LQFUHDVHG
VFLHQWLILFNQRZOHGJHDERXWOLJKWQLQJ
 7HUPV&RQFHUQLQJ/LJKWQLQJ
 /LJKWQLQJDWUDQVLHQWKLJKFXUUHQWHOHFWULFGLVFKDUJHZKRVHSDWKLVJHQHUDOO\
PHDVXUHG LQ NLORPHWHUV /LJKWQLQJ RFFXUV ZKHQ VRPH UHJLRQ RI WKH
DWPRVSKHUHDWWDLQVDQHOHFWULFFKDUJHVXIILFLHQWO\ODUJHUWKDQWKHHOHFWULFILHOG
DVVRFLDWHGZLWKWKHFKDUJHFDXVHWKHHOHFWULFDOEUHDNGRZQRIWKHDLU
 6WHS OHDGHU DQG UHWXUQ VWURNH HDFK OLJKWQLQJ VWURNH EHJLQV ZLWK D ZHDNO\
OXPLQRXV SUHGLVFKDUJH ZKLFK SURSDJDWHV IURP FORXG WR JURXQG DQG LV
IROORZHG LPPHGLDWHO\ E\ D YHU\ OXPLQRXV UHWXUQ VWURNH 7KH UHWXUQ VWURNH
SURSDJDWHV IURP JURXQG WR FORXG 7KH FORXGWRJURXQG SUHGLVFKDUJH
SUHFHGLQJWKHILUVWUHWXUQVWURNHLQDIODVKLVFDOOHGWKHVWHSSHGOHDGHU
 6WULNLQJ GLVWDQFH 6WULNLQJ GLVWDQFH LV WKH OHQJWK RI WKH ODVW VWHS RI OHDGHU
XQGHU WKH LQIOXHQFH RI DWWUDFWLRQ WRZDUG WKH SRLQW RI RSSRVLWH SRODULW\ WR EH
VWUXFN$WWKLVLQVWDQWRIWLPHWKHSRLQWRIVWULNHLVGHWHUPLQHG



 'DUW OHDGHU $SSUR[LPDWHO\  RI DOO OLJKWQLQJ IODVKHV FRQVLVW RI PXOWLSOH
VWURNHVWKDWWUDYHUVHWKHVDPHSDWKIRUPHGE\WKHLQLWLDOVWURNH7KHOHDGHUVRI
VXEVHTXHQWVWURNHVKDYHDSURSDJDWLRQYHORFLW\ PXFKJUHDWHUWKDQWKDWRIWKH
LQLWLDO VWURNH DSSUR[LPDWHO\  WKH VSHHG RI OLJKW  DQG DUH UHIHUHQFHG DV D
GDUWOHDGHU
 3K\VLFDO3KHQRPHQDRI/LJKWQLQJ
/LJKWQLQJLVDQHOHFWULFDOGLVFKDUJHWKDWUHGLVWULEXWHVFKDUJHZLWKLQWKXQGHUFORXGV
RU EHWZHHQ WKH FORXG DQG WKH JURXQG RU RWKHU FORXGV 7KHUH DUH WKUHH PDLQ W\SHV RI
OLJKWQLQJIODVKHV
 &ORXGWRJURXQG &*  IODVKHV ZKLFK SURSDJDWH IURP WKH FORXG GRZQ WR WKH
JURXQG $ERXW RI WKH &* GLVFKDUJHV DUH QHJDWLYH /LJKWQLQJ SURWHFWLRQ
UHVHDUFKLVPRVWFRQFHUQHGZLWK&*GLVFKDUJHV
 ,QWUDFORXG ,& IODVKHVZKLFKRFFXUZLWKLQRQHFORXG
 ,QWHUFORXGIODVKHVDUHGLVFKDUJHVEHWZHHQFORXGV7KHVHDUHOHDVWIUHTXHQWO\
RFFXUULQJIODVKHVRIWKHWKUHH
/LJKWQLQJGLVFKDUJHFRQVLVWVRIWKHIROORZLQJIRXUVWHSV
 &KDUJHIRUPDWLRQLQFORXGV
1XPHURXVWKHRULHVKDYHEHHQDGYDQFHGUHJDUGLQJWKHIRUPDWLRQRIFKDUJHFHQWHUV
FKDUJHVHSDUDWLRQZLWKLQDFORXGDQGWKHXOWLPDWHGHYHORSPHQWRIOLJKWQLQJVWURNHV2QH
WKHRU\DWWULEXWHVFKDUJHVHSDUDWLRQWRWKHH[LVWHQFHRIERWKSRVLWLYHDQG QHJDWLYH LRQV LQ
WKHDLUDQGWKHH[LVWHQFHRIDQRUPDOHOHFWULFILHOGGLUHFWHGWRZDUGWKHHDUWK/DUJHGURSV
RIZDWHULQWKHHOHFWULFILHOGDUHSRODUL]HGWKHXSSHUVLGHVDFTXLULQJDQHJDWLYHFKDUJHDQG
WKHORZHUVLGHVDSRVLWLYHFKDUJH$VWKHSRODUL]HGGURSVRIZDWHUIDOOGXHWRJUDYLW\WKH
XQGHUVLGHV SRVLWLYHVLGHV DWWUDFWQHJDWLYHLRQVZKLOHQRVXFKDFWLRQRFFXUVDWWKHXSSHU
VXUIDFHV $V D UHVXOW RI WKLV DFWLRQ WKH GURSV DFFXPXODWH QHJDWLYH FKDUJH 7KXV WKH
RULJLQDO FKDUJHV ZKLFK ZHUH GLVWULEXWHG DW UDQGRP DQG SURGXFHG DQ HVVHQWLDOO\ QHXWUDO

4

space charge, become separated. The large drops of water carry the negative charges to
the lower portion of the cloud, causing the lower portion to be negatively charged and the
upper portion to be positively charged. Another theory is that the interaction of ascending
wind currents in the leading head of a cloud breaks up the water droplets causing the
resulting droplets to be positively charged and the air to be negatively charged. The
positively charged water droplets are unable to fall through the ascending wind currents
at the head of the cloud, which causes this portion of the cloud to be positively charged
while the remaining larger portion becomes negatively charged. Yet another theory
suggests that there are regions of subzero temperature within a cloud and the subsequent
formation of ice crystals is an essential factor in the explanation of the charge centers
within clouds. (These three theories are presented in [3].)
Some have even suggested that perhaps all of the physical phenomena postulated
in the various theories may occur. At best, the processes occurring within a cloud
formation that cause charge separation are complicated. The important fact to the
designing engineer is that a charge separation does occur in thunderstorm clouds.
Experiments using balloons equipped with electric gradient measuring equipment have
been performed to investigate typical charge distribution in thunderclouds, and these
experiments have shown that, in general, the main body of a thundercloud is negatively
charged and the upper part positively charged [3]. A concentration of positive charge also
frequently exists in the base of the cloud. Such charge distribution in a cloud causes an
accumulation of charge of the opposite polarity on the earth’s surface and on objects (e.g.,
trees, buildings, electric power lines, structures, etc.) beneath the cloud. A typical charged
cloud and the different types of lightning strokes are shown in Figure 1.1.

5

Figure 1.1 Charged cloud and different types of lightning strokes [19]
The electrical charge concentrations within a cloud are constrained to the size of
the cloud. The cloud size, in relation to the earth, is small. Therefore, the electrical
gradient that exists in the cloud is much greater than at the earth. Because of this, an
electrical discharge tends to be initiated at the cloud rather than at the ground. However,
for a object with high altitude, the electrical discharge may start from the ground object.

2. Stroke formation — step leader
The actual stroke development occurs in a two-step process. The first step is
ionization of the air surrounding the charge center and the development of stepped
leaders, which propagate charge from the cloud into the air. Current magnitudes
associated with stepped leaders are small (in the order of 100 A) in comparison with the



UHWXUQVWURNHFXUUHQW>@7KHVWHSSHGOHDGHUVSURJUHVV LQDUDQGRPGLUHFWLRQ LQGLVFUHWH
VWHSV IURP  WR  P LQ OHQJWK 7KHLU PRVW IUHTXHQW YHORFLW\ RI SURSDJDWLRQ LV DERXW
WKHVSHHGRIOLJKWRUDSSUR[LPDWHO\NPV>@,WLVQRWXQWLOWKHVWHSSHGOHDGHU
LV ZLWKLQ VWULNLQJ GLVWDQFH RIWKH SRLQWWR EH VWUXFNWKDWWKH OHDGHU LV SRVLWLYHO\ GLYHUWHG
WRZDUGWKLVSRLQW

 6WURNHIRUPDWLRQ²UHWXUQVWURNH
7KHVHFRQGVWHSLQWKHGHYHORSPHQWRIDOLJKWQLQJVWURNHLVWKHUHWXUQVWURNH7KH
UHWXUQ VWURNH LV WKH H[WUHPHO\ EULJKW VWUHDPHU WKDW SURSDJDWHV XSZDUG IURP WKH HDUWK WR
WKHFORXGIROORZLQJWKHVDPHSDWKDVWKHPDLQFKDQQHORIWKHGRZQZDUGVWHSSHGOHDGHU
7KLVUHWXUQVWURNHLVWKHDFWXDOIORZRIVWURNHFXUUHQWWKDWKDVDPHGLDQYDOXHRIDERXW
N$DQGLVDFWXDOO\WKHIORZRIFKDUJHIURPHDUWKWRFORXGWRQHXWUDOL]HWKHFKDUJHFHQWHU
>@ 7KH YHORFLW\ RI WKH UHWXUQ VWURNH SURSDJDWLRQ LV DERXW  WKH VSHHG RI OLJKW RU
DSSUR[LPDWHO\   PV >@7KH DPRXQWRI FKDUJH GHVFHQGLQJ WRWKH HDUWK IURP WKH
FORXG LV HTXDO WR WKH FKDUJH WKDW IORZV XSZDUG IURP WKH HDUWK 6LQFH WKH SURSDJDWLRQ
YHORFLW\ RI WKH UHWXUQ VWURNH LV VR PXFK JUHDWHU WKDQ WKH SURSDJDWLRQ YHORFLW\ RI WKH
VWHSSHG OHDGHU WKH UHWXUQ VWURNH H[KLELWV D PXFK ODUJHU FXUUHQW IORZ UDWH RI FKDUJH
PRYHPHQW  7KH YDULRXV VWDJHV RI D VWURNH GHYHORSPHQW DUH VKRZQ LQ )LJXUH 
$SSUR[LPDWHO\  RI DOO OLJKWQLQJ IODVKHV FRQVLVWRI PXOWLSOH VWURNHV WKDWWUDYHUVH WKH
VDPH SDWK IRUPHG E\ WKH LQLWLDO VWURNH 7KH OHDGHUV RI VXEVHTXHQW VWURNHV KDYH D
SURSDJDWLRQ YHORFLW\ PXFK JUHDWHUWKDQ WKDW RI WKH LQLWLDO VWURNH DSSUR[LPDWHO\  WKH
VSHHGRIOLJKW DQGLVUHIHUHQFHGDVDGDUWOHDGHU>@

7

Figure 1.2 Charge distribution at various stages of lightning discharge
(A). Step leader developing
(B). Step leader approaches to ground and strike to ground
(C). Return stroke occurs
(D). The first discharge forms and more step leaders start in cloud
(E). Dart leader approaches to ground and strike to ground
(F). Second return stroke occurs
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1.2

Lightning Protection Research Background
The first technical breakthrough in the understanding of lightning as a physical

phenomenon was due to Benjamin Franklin, who anticipated the first lightning protection
system utilizing a metal rod as a lightning receptor, the so-called Franklin Rod. Even
today, the Franklin Rod is still widely used since it is easy to install and its effectiveness.
For example, the lightning protection mast used in power substation, lightning protection
for high tower and other constructions etc. A few suggestions have been made to improve
the performance of the Franklin Rod in the past years, such as using a golden rod to
reduce the resistance for lightning current, or changing the formation of the rod tip etc.,
all of which have been proved of no significant effect at all. Radioactive lightning rods
had been considered to be more effective in attracting lightning strokes. However, due to
the heavy restrictions in the use of radioactive materials, their use has now been
abandoned in most countries. Recent researches in the Early Streamer Emission (ESE)
air-terminals, expect the ESE rod will reduce the time of streamer development compared
to a simple Franklin Rod. However, field experiments show that the Franklin Rod can
even breakdown faster than those ESE rods, and no solid evidence can show the
advantage of the ESE rod over simple Franklin Rod. Therefore, the Franklin Rod is still
the most effective and popular solution in lightning protection design.
The Franklin Rod is used in power systems as a lightning protection mast in the
power substation. For power transmission lines, shielding wire is the common solution.
The design principle and function of shielding wire is similar to the Franklin Rod, which
aimed to catch the lightning strokes before they reached the protected objects. For a
lightning protection mast, the protected object could be a power transformer, a feeder bus



RUDQ\GLVWULEXWLRQDSSDUDWXVLQDVXEVWDWLRQIRUDVKLHOGLQJZLUHWKHSURWHFWHGREMHFWLV
WKHWUDQVPLVVLRQOLQHDQGWKHHTXLSPHQWHQHUJL]HGE\WUDQVPLVVLRQOLQH
7R HYDOXDWH WKH OLJKWQLQJ SURWHFWLRQ QHHGHG IRU SRZHU WUDQVPLVVLRQ DQG
GLVWULEXWLRQV\VWHPWKHIROORZLQJLQIRUPDWLRQLVLPSRUWDQW
 ,VRNHUDXQLF OHYHO 7KH LVRNHUDXQLF OHYHO LV WKH DYHUDJH QXPEHU RI GD\V SHU
\HDURQZKLFKWKXQGHUZLOOEHKHDUGGXULQJDKRXUSHULRG
 *URXQGIODVKGHQVLW\ *)' LVWKHDYHUDJHQXPEHURIVWURNHVSHUXQLWDUHDSHU
\HDU DW DQ\ ORFDWLRQ RI LQWHUHVW 0RVW UHVHDUFKHUV KDYH DUULYHG DW D
SURSRUWLRQDO UHODWLRQVKLS UDQJLQJ IURP  7 WR  7 JURXQG IODVKHV SHU
VTXDUHNLORPHWHUSHU\HDUZKHUH7LVWKHDYHUDJHDQQXDOLVRNHUDXQLFOHYHO
 7KHVWDWLVWLFDOGLVWULEXWLRQRIWKHDPSOLWXGHRIWKHUHWXUQVWURNHFXUUHQWZKLFK
LVUHODWHGWRWKHOLJKWQLQJVWULNLQJGLVWDQFHDVGLVFXVVHGODWHU
 7KHHIIHFWLYHQHVVRIWKHOLJKWQLQJFRQGXFWRUV VKLHOGLQJZLUHVDQGPDVWV XVHG
WRSURWHFWWUDQVPLVVLRQOLQHVRUJURXQGHGREMHFWVDJDLQVWGLUHFWOLJKWQLQJ
VWURNH

7KH ILUVW WKUHH IDFWRUV DUH DOO QDWXUDOO\ GHFLGHG E\ HPSLULFDO DQG JHRJUDSKLFDO
FRQGLWLRQV)RUGHVLJQHQJLQHHUVWKHHIIHFWLYHQHVVRIOLJKWQLQJSURWHFWLRQFRQGXFWRUVDUH
PRVW LPSRUWDQW 7RVWXG\WKHWHUPLQDWLRQRI OLJKWQLQJ IODVKHVRQJURXQGHGREMHFWVHJ
VKLHOGLQJ ZLUHV RU PDVWV KLVWRULFDOO\ WKH IROORZLQJ PHWKRGV DUH GHYHORSHG LQ
FKURQRORJLFDORUGHU
 )L[HGVKLHOGLQJDQJOH
:DJQHU¶V0HWKRG
 0RXVD¶V(*00HWKRG
 6DUJHQW¶V'0HWKRG
 /LQFN¶V0HWKRG
 'DLQZRRG¶V0HWKRG



 /HH¶V5ROOLQJ6SKHUH0HWKRG
 0RXVD¶V6RIWZDUH6XEVKLHOG 6%6+/' 
$OORIWKHVHPRGHOLQJPHWKRGVIDOOLQWRWZRFDWHJRULHV
 *HRPHWULFDO PHWKRGV  DQG  7KHVH PHWKRGV DVVXPH WKDW WKH VKLHOGLQJ
GHYLFH ZLUHRUPDVW FDQ LQWHUFHSWDOOWKH OLJKWQLQJVWURNHVDUULYLQJRYHUWKH
VXEMHFWDUHDLIWKHVKLHOGLQJGHYLFHPDLQWDLQVDFHUWDLQJHRPHWULFDOUHODWLRQWR
WKHSURWHFWHGREMHFW
 (OHFWURJHRPHWULFPRGHO (*0¶V WKURXJK7KHVHPHWKRGVUHFRJQL]HWKDW
WKH DWWUDFWLYH HIIHFW RI WKH VKLHOGLQJ GHYLFH LV D IXQFWLRQ RI WKH DPSOLWXGH RI
WKHFXUUHQWRIWKHOLJKWQLQJVWURNH7KXVIRUDJLYHQVKLHOGLQJJHRPHWU\VRPH
RI WKH OHVV LQWHQVH VWURNHV ZRXOG QRW EH LQWHUFHSWHG E\ WKH VKLHOGLQJ V\VWHP
DQGPD\WHUPLQDWHLQVWHDGRQWKHOLYHEXVRURWKHUSURWHFWHGREMHFW7KHZD\
WR DFFRPSOLVK ³HIIHFWLYH VKLHOGLQJ´ LQ WKLV FDVH LV E\ OLPLWLQJ SHQHWUDWLRQ RI
WKH VKLHOGLQJ V\VWHP WR RQO\ WKRVH VWURNHV WKDW ZRXOG QRW IODVKRYHU WKH
LQVXODWLRQRUZRXOGQRWGDPDJHWKHSURWHFWHGREMHFW
:LWK WKH LQFUHDVH RI WUDQVPLVVLRQ YROWDJH JUDGH LW ZDV ILUVW IRXQG LQ WKH PLG
V ZKHQ WKH ILUVW 1RUWK $PHULFD  N9WUDQVPLVVLRQ OLQHV ZHUH SODFHG LQ VHUYLFH
WKHRXWDJHUDWHFDXVHGE\VKLHOGLQJIDLOXUHRIOLJKWQLQJVWURNHVZDVPXFKKLJKHUWKDQWKH
H[SHFWHGGHVLJQ PHWKRG7KH(OHFWURJHRPHWULF0RGHOV (*0 HPHUJHGDVWKHUHVXOWRI
WKHUHVHDUFKRISURYLGLQJHIILFLHQWOLJKWQLQJSURWHFWLRQIRUKLJKYROWDJHWUDQVPLVVLRQOLQHV
,Q  - * $QGHUVRQ >@ GHYHORSHG D FRPSXWHU SURJUDP IRU FDOFXODWLRQ RI
WUDQVPLVVLRQ OLQH OLJKWQLQJ SHUIRUPDQFH WKDW XVHV WKH 0RQWH &DUOR 0HWKRG $Q HDUO\
YHUVLRQRIWKH(*0ZDVGHYHORSHGLQE\<RXQJ>@EXWFRQWLQXLQJUHVHDUFKVRRQ
OHG WR QHZ PRGHOV 2QH H[WUHPHO\ VLJQLILFDQW UHVHDUFK SURMHFW ZDV SHUIRUPHG E\ ( 5
:KLWHKHDG>@:KLWHKHDG¶VZRUNLQFOXGHGDWKHRUHWLFDOPRGHORIDWUDQVPLVVLRQV\VWHP
VXEMHFWWRGLUHFWVWURNHVGHYHORSPHQWRIDQDO\WLFDOH[SUHVVLRQVSHUWDLQLQJWRSHUIRUPDQFH
RIWKHOLQHDQGVXSSRUWLQJILHOGGDWDZKLFKYHULILHGWKHWKHRUHWLFDOPRGHODQGDQDO\VHV
6DUJHQW >@ PDGH DQ LPSRUWDQW FRQWULEXWLRQ ZLWK WKH 0RQWH &DUOR 6LPXODWLRQ RI
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lightning performance and his work on lightning strokes to tall structures. In 1976 Mousa
[24] extended the application of the EGM (which was developed for transmission lines)
to substation facilities. Work by Eriksson [28] reported in 1978 and later work by
Anderson and Eriksson [29] reported in 1980 revealed apparent discrepancies in the
EGM that tended to discredit it. Mousa [8] has shown, however, that explanations do
exist for the apparent discrepancies, and that many of them can be eliminated by adopting
a revised electrogeometric model. This guide uses the revised EGM as developed by
Mousa and Srivastava [8,30]. Two methods of applying the EGM are the modified
version of the rolling sphere method and the method given by Mousa and Srivastava. The
details about the rolling sphere method will be introduced in next chapter.
From the review of the basic knowledge about lightning protection, it can be seen
that the EGM method is playing a more and more important role in the safety design in
high voltage level power system, while the fixed angle method is mainly applied in lower
voltage level protection. High voltage transmission has the absolute advantage,
furthermore, the safety issue is normally critical for the whole power network. Therefore,
EGM and its revised version need to be studied in an emergent level.
1.3

Thesis Presentation

1.3.1 Purpose and Goals
The purpose of this thesis is to study the lightning protection zone of the Franklin
Rod and estimate the different impacts of various factors on the striking distance. All the
studies will be based on practical laboratory experimental results. The basic knowledge
of lightning strokes and the previous research theories are used to analyze the experiment



UHVXOW LQRUGHUWRGHYHORS PDWKHPDWLF HTXDWLRQVWRDSSUR[LPDWHWKHSURWHFWLRQ]RQHDQG
VWULNLQJ GLVWDQFH $ IHZ FDVHV ZLOO EH JLYHQ E\ VROYLQJ WKH UHDO OLJKWQLQJ SURWHFWLRQ
SUREOHPV LQDSRZHUVXEVWDWLRQ)LQDOO\WKHFRPSXWDWLRQDOUHVXOWV DQGWKHH[SHULPHQWDO
UHVXOWVDUHFRPSDUHGWRSURYHWKHYDOLGLW\RIWKHSUHVHQWHGFRPSXWDWLRQPRGHO
 $FFRPSOLVKPHQWV
7KHPDLQWDVNVRIWKLVWKHVLVDUH
 5HYLHZWKHSUHYLRXVWKHRUHWLFDOUHVHDUFKHVLQOLJKWQLQJSURWHFWLRQPRGHOV
 6WXG\DQGDQDO\]HWKHHOHFWULFILHOGGLVWULEXWLRQIRUWKH)UDQNOLQ5RGLQSUH
EUHDNGRZQVWDJH
 3HUIRUPODERUDWRU\H[SHULPHQWVWRREVHUYHWKHYDULDWLRQRIWKHOLJKWQLQJ
SURWHFWLRQ]RQHIRUWKH)UDQNOLQ5RGXQGHUGLIIHUHQWLPSDFWIDFWRUV
 (VWDEOLVKPDWKHPDWLFHTXDWLRQVWRHVWLPDWHWKHVWULNLQJGLVWDQFHDQG
SURWHFWLRQ]RQH
 $QDO\]HWKHPLVVHVEHWZHHQH[SHULPHQWUHVXOWVDQGFRPSXWDWLRQDOGDWD
 6ROYHUHDOOLJKWQLQJSURWHFWLRQSUREOHPVIRUSRZHUVXEVWDWLRQV

CHAPTER II
THEORETICAL RESEARCHES ON STRIKING DISTANCE AND EGM MODEL

As introduced in Chapter I, the electrogeometric model (EGM) is widely used
now for the termination of lightning flashes on grounded objects, e.g., shielding wires
and masts. As a significant part of the EGM model, striking distance determines the
attractive area of a Franklin Rod and thus determines the failure incidence. This chapter
reviews previous research on striking distance. Several EGM models are presented and
analyzed.
2.1

Striking Distance Prediction.
The concept of striking distance is essential for the EGM to design the lightning

shielding for power system apparatus. If the tip of a leader stroke approaches a grounded
object (e.g. conductor or substation equipment) within the striking distance, D*, the leader
will perform the ‘final jump’ to the grounded objects; if the leader tip is beyond D*, then
it will go to the ground from a critical distance D (Figure 2.1).
According to the basic idea of EGM, the downward leader stroke is considered to
propagate randomly and uncontrollably at the beginning. As the charge of the cloud is
lower along the leader stroke, the electric field on the surface of the grounded object
increases. Finally, at a certain distance from the tip of the leader stroke to the ground
object, the critical electric field for breakdown of air at the surface of the grounded object
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is reached, and an upward streamer starts from the object to meet the leader stroke. This
distance from the leader tip to the grounded object, which produces the upward streamer
is called the striking distance.
Since the electric field at the tip of a structure is mainly influenced by the
downward leader propagation and charge distribution in the leader channel, and the
charge is related to the return-stroke current, it was believed that the striking distance is a
function of the current. Berger [19] (1972) first founded the relationship between the
measured peak return-stroke current and the total charge transfer to ground in the first 1
ms. According to Berger, the best fitting relating peak current I to charge transfer Q for
eighty nine negative strokes is:
I = 10.6Q0.7

(2-1)

I is measured in kilo-amperes and Q in coulombs. According to this expression, a
typical peak current of 25 kA corresponds to a total leader charge of 3.3 C.
If equation (2-1) is combined with the relation between charges and breakdown
field, the relation for the striking distance D and peak current I can be established in
equation (2-2).
D = KIP

(2-2)

The constants K and P have different values depending on different researchers.
The currently widely accepted equation is given by Love [33]:
D =10I0.65

(2-3)

Mousa and Srivastava [8] developed a revised electrogeometric model that leads
to the following equation (2-4):
D = 8kI 0.65

(2-4)
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The coefficient factor k accounts for different striking distances to a mast, a shield
wire, or a ground plane. The authors give a value of k = 1 for strokes to overhead line
wires or a ground plane, and a value of k = 1.2 for strokes to a lightning protection mast.
This difference of the coefficient factor k is caused by an impact of height of the
protection rod and a distorted electric field distribution.
Chowdhuri [9] tried to explain this phenomenon by two kinds of breakdown
criterions, the voltage magnitude criterion and the electric field distribution criterion. He
noticed when the height of the protection object is not high; the electric field distribution
dominates the value of the striking distance. When the protection object is high, the
voltage magnitude is the main factor to determine the striking distance.
Yuan [10] using computer simulation of lightning stroke development, found that
the critical height of the protection object to separate the two criterions is 13 m. When the
protected object is above 13 m, the voltage magnitude criterion is predominant, and the
vertical striking distance is assumed 1.2 times the horizontal striking distance. When the
protected object is below 13 m, the electric field stress criterion is predominant, and the
vertical striking distance is assumed to be 0.95 times the horizontal striking distance. His
research also found, in addition to the return stroke current, the height of protection
device has an impact on the striking distance. The equation he presented to calculate the
striking distance is equation (2-5) for an object lower than 13m and equation (2-6) for an
object higher than 13m.
D=7.28hl 0.7701I 0.4862

(hl <13 m)

(2-5)

D=52.47I 0.4862+0.35(hl-13)

(hl>13 m)

(2-6)

where I is the return stroke current, hl is the height of grounded object.
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However, none of the above mentioned studies ever found the impact of impulse
polarity to the striking distance. Although Chowdhuri found that striking distance is
related to the height of protection device, he did not find out whether the impact from rod
will have different behavior under different impulse polarity.
The result of experimental studies in publications [11,12] found that the striking
distance depends on height of the Franklin Rod and polarity of the lightning stroke. The
authors in publications [11,12] emphasized that polarity of lightning strokes has a large
impact on the striking distance.
2.2

Rolling Sphere Circular Model
The stepped leader is a pre-discharge that approaches the ground in steps. When

the stepped leader reaches sufficiently close to the ground or grounded object, that is,
equal to striking distance, the main lightning flash takes place in the channel prepared by
the leader.
The higher the magnitude of the subsequent lightning current is the greater the
striking distance between the leader tip and the object leading to a final lightning flash.
Therefore, lightning of high current magnitude will “see” grounded objects or ground
earlier than low current strokes, and thus a lightning rod of a given height will catch
higher current strokes with greater probability than strokes of lower current values. The
Franklin Rod provides greater protection for the surrounding areas against higher current
strokes than for lightning strokes of more moderate current values. Today, the popularly
accepted relationship between lightning current I and striking distance D is listed in
equation (2-3).
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W h e n th e le a d e r o f th e a tm o sp h e ric e le c tric a l d isc h a rg e is a p p ro a c h in g a v e rtic a l
lig h tn in g ro d o r a stru c tu re su c h a s to w e r, th e site o f strik in g w ill b e a p o in t n e a re st to th e
to p o f th e c o mi n g le a d e r, i.e . w h e n th e d ista n c e e q u a ls th e strik in g d ista n c e . F ig u re 2 .1
sh o w s a n e x a m p le in w h ic h a th u n d e rb o lt is p o ssib le o n a n y o f th e m , e ith e r th e g ro u n d o r
th e tip o f th e ro d .

y
D *= D
x
H

D
x
F ig u re 2 .1 R o llin g S p h e re C irc u la r M o d e l

In th e c irc u la r m o d e , it is in itia lly a ssu m e d th a t th e g e n e ra te d su rfa c e o f “ c o n e ” is
a se g m e n t o f a c irc le o f a ra d iu s a p p ro x i ma te ly e q u a lin g th e strik in g d ista n c e [1 3 ]. S u c h
a n a p p ro x i ma tio n is sa tisfa c to ry in c a se s th a t th e strik in g d ista n c e d e p e n d s e x c lu siv e ly o n
th e stro k e c u rre n t, a n d w h e n th e o th e r in flu e n tia l fa c to rs a re n e g le c te d , su c h a s th e
F ra n k lin R o d im p a c t o n strik in g d ista n c e . In th is c a se th e p ro te c te d sp a c e is w ith in th e
“ c o n e ”, w h o se g e n e ra tin g lin e is a se g m e n t o f a c irc le . T h e h e ig h t o f th e c o n e is th e
h e ig h t o f th e lig h tn in g ro d o f th e h ig h stru c tu re H , a n d th e ra d iu s o f th e b a sis e q u a ls
a p p ro x i ma te ly th e strik in g d ista n c e D .



)URP )LJXUH   '   ' + '  FDQ EH HDVLO\ IRXQG DV WKH FHQWHU RI WKH
FLUFOH ,Q WKLV WKHVLV RQO\ '  + KDV EHHQ FRQVLGHUHG 7KXV WKH SURWHFWLRQ ]RQH RI WKH
OLJKWQLQJURGFDQEHH[SUHVVHGDVDFLUFXODUHTXDWLRQ
[ '  ' +    \ '  '

 

ZKHUH DOO WKH XQLWV DUH LQ PHWHUV 3URYLGHG WKDW [ '   ' +  DQG \ +  '
PHDQVWKHVWULNLQJGLVWDQFHZKLFKFDQEHREWDLQHGIURPWKHHTXDWLRQ  
7KH UDGLXV RI WKH UROOLQJ VSKHUH DW D JLYHQ FXUUHQW FRUUHVSRQGV WR WKH VWULNLQJ
GLVWDQFH EHWZHHQ WKH GRZQZDUG SURJUHVVLQJ OHDGHU WLS DQG WKH REMHFW RI ZKLFK WKH
FRPSOHWH OLJKWQLQJ IODVKHV DSSHDUV )LJXUH  VKRZV D VHULHV RI UROOLQJ VSKHUHV ZLWK
GLIIHUHQWUDGLLZKLFKLVGHWHUPLQHGE\WKHPDJQLWXGHRIUHWXUQVWURNHFXUUHQW)RUDJLYHQ
KHLJKW + RI D )UDQNOLQ 5RG WKH FUHDWHG SURWHFWLRQ ]RQH LV ODUJHU IRU KLJKHU FXUUHQW
PDJQLWXGH7KHUDGLLRIWKHUROOLQJVSKHUHVDUHFDOFXODWHGE\HTXDWLRQ  
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edge of a circle has the same probability to be attached by the lightning stroke. An object
outside any specific circle will not be hit by the corresponding lightning stroke current.
For a Franklin Rod with selected height H, it could be attached by lightning stroke with
higher current from a higher position but be safe from with lower current from a lower
position.
The IEEE standard 998-1996 [14] recommended using Rolling Sphere Model to
design the lightning protection for a power substation. For a given magnitude of stroke
current Is, which was selected based on the withstand insulation level of equipment used
in the substation, the lightning protection zone of a lightning rod is illustrated in Figure
2.3(a) for lightning current lower than Is, Figure 2.3(b) for lightning current equal Is,
Figure 2.3(c) for lightning current higher than Is. Figure 2.3(d) is the plan view of the
lightning protection zone for stroke current higher than Is.

(a)

20

(b)

(c)

(d)
Figure 2.3 Lightning protection zone of a lightning mast with the height of H [23]
(a) Is0<Is ; (b) Is ; (c) Is1>Is ; (d) Is1>Is, plan view
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C o n sid e r a stro k e c u rre n t I s o w ith m a g n itu d e le ss th a n I s . T h e strik in g d ista n c e is
S o . T h e z o n e o f p ro te c tio n p ro v id e d b y th e m a st fo r stro k e c u rre n t I s o is le ss th a n th e z o n e
o f p ro te c tio n p ro v id e d b y th e m a st fo r stro k e c u rre n t I s . A po rtio n o f th e e q u ip m e n t
p ro tru d e s a b o v e th e d a sh e d a rc o r z o n e o f p ro te c tio n fo r stro k e c u rre n t I s o . H o w e v e r, th e
v a lu e of Is w a s se le c te d b a se d o n th e w ith sta n d in su la tio n le v e l o f e q u ip m e n t u se d in th e
su b sta tio n , stro k e c u rre nt Is o sh o u ld c a u se n o d a m a g e to e q u ip m e n t.
C o n sid e r a stro k e c u rre n t I s 1 w ith m a g n itu d e g re a te r th a n I s . S trik e d ista n c e is S 1 .
T h e g e o m e tric a l mo d e l fo r th is c o n d itio n is sh o w n in F ig u re 2 .3 c a n d F ig u re 2 .3 d . A rc s
o f p ro te c tio n fo r stro k e c u rre n t I s 1 a n d fo r th e p re v io u sly d isc u sse d I s a re b o th sh o w n .
T h e fig u re sh o w s th a t th e z o n e o f p ro te c tio n p ro v id e d b y th e m a st fo r stro k e c u rre n t I s 1 is
g re a te r th a n th e z o n e o f p ro te c tio n p ro v id e d b y th e m a st fo r stro k e c u rre n t I s .
E v e n th o u g h th e R o llin g S p h e re M o d e l in c lu d e s so m e o f th e e le m e n ts o f lig h tn in g
m e c h a n is m s, it is o n ly a v e ry ro u g h sim u la tio n o f a lig h tn in g stro k e . Th e re fo re , th e m o d e l
m a y le a d to a n u n n e c e ssa ry d e g re e o f p ro te c tio n o f ta ll stru c tu re s, c o m p a re d to stru c tu re s
o f m o re m o d e ra te h e ig h ts. T h e strik in g d ista n c e , th e ra d iu s in th e ro llin g sp h e re m e th o d ,
is in d e p e n d e n t o f stru c tu re g e o m e try , w h ic h se e m s c o n tra d ic to ry to th e e x p e rie n c e g a in e d
in p ra c tic e [1 5 , 1 6 ].
2 .3

E llip tic a l M o d e l
T h e p re v io u sly in tro d u c e d ro llin g sp h e re c irc u la r m o d e l a ssu m e s th a t th e strik in g

d ista n c e to th e g ro u n d a n d th e g ro u n d e d o b je c t a re th e sa m e . H o w e v e r, in th e re a l w o rld
th e h e ig h t o f a stru c tu re w ill a ffe c t th e v a lu e o f strik in g d ista n c e b e c a u se o f th e in c re a se d
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value of the electric field at the top expanse of the rod. The drawing of the electric field
distribution in pre-breakdown stage proved this point.
2.3.1 Impact of Rod Height on Electric Field Distribution in Pre-breakdown Stage
In Figure 2.4 and Figure 2.5, the upper rod represents the downward leader, the
red lower rod represents the Franklin Rod and the black sheet under the lower rod
represents the conducting ground plane. The software package Maxwell is used to
analyze the electric field distribution. The programming flow chart is shown in Figure 2.6.
The electric field distribution stress in a pre-breakdown condition is independent
of polarity for two distances as presented in Figure 2.4. Comparing Figure 2.4(a) with
Figure 2.4(b) for the same polarity, distortion of the electric field distribution in a prebreakdown stage and its impact on the breakdown voltage of the lightning stroke is
shown. Darker color represents lower electric field stress and brighter color represents
higher electric field stress. When the upper rod is moved closer to the grounded rod, the
electric field stresses surrounding the tips of both rods increase dramatically. The most
intensive electric field distribution is between two rods tips.
Electric field distribution in this configuration is non-uniform no matter the
distance between the downward leader and the ground or the grounded object. Therefore,
the striking distance to ground or grounded object is different and depends also on the
lightning stroke polarity. The breakdown mechanism of an air gap in non-uniform field
with different field stresses at the rods depends on the rod polarity.
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(a)

(b)
Figure 2.4 The electric field distribution in pre-breakdown stage
(a) Distance to lightning rod is shorter than to ground
(b) Distance to lightning rod is longer than to ground
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(a)

(b)
Figure 2.5 The impact of grounded rod height on the electric field distribution in prebreakdown stage
(a). Higher grounded rod;
(b). Shorter grounded rod
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Figure 2.6 Flow chart for the electric field distribution calculation program
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Figure 2.5(a) and Figure 2.5(b) show the impact of the rod height on the electric
field distribution. In the presented Figure 2.5, the height of upper rod and the distance
between rods remain the same. Only the height of the grounded rod is changed.
Figure 2.5 indicates that increasing the height of the grounded rod results in a less
uniform electric field distribution. The electric field at the upper rod is increasing in the
direction of the grounded rod. This phenomenon also implies that the striking distance to
the grounded rod is different at the same height of the upper rod. The impact of rod
height on the striking distance will depend on the polarity of the stroke because of the
breakdown mechanism.
The field distribution for positive and negative polarity strokes is the same, but
the striking distance is still not the same because the breakdown mechanism is different.
This observation is proven by the laboratory experiments in the next chapter.
2.3.2 Mathematic Modeling of the Elliptical Model
The modified equation of striking distance to transmission lines was given in
1977. The striking distance to transmission lines is in relation to the reference striking
distance towards the ground:
D* = D [1+Ei If 2 e -D/H]

(2-8)

where D*, D and H in meters. Ei is the field intensification factor, and If refers to the
factor which relates the stroke current to the median of a reference current amplitude
distribution.
Observing equation (2-8), the striking distance D* is longer than the reference
distance D, which will lead to an elliptical shaped model. From Figure 2.7, the center of
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th is e llip se is lo c a te d a t (a 0 , D ). H e n c e , th e e llip tic a l p ro te c tio n z o n e c a n b e e x p re sse d a s
fo llo w s:
(x - a 0 ) 2
a 02

+

(y - D )2
D2

=1

(2 -9 )

w h e re a ll th e u n its a re in m e te rs, x £ D , y £ a 0 . D is ju st th e d ista n c e o f th e u p p e r ro d to
g ro u n d . F o r a g iv e n ro d h e ig h t H , a 0 c a n b e c a lc u la te d b y u sin g e q u a tio n (2 -1 0 ).
a0 = D

D * 2 - (D - H ) 2

(2 -1 0 )

D 2 - (D - H ) 2

y

a

0

( a 0 , D)
D *> D
D =f(I)
H
x

F ig u re . 2 .7 Ellip tic a l M o d e l [1 3]
T h e e llip tic a l mo d e l lo o k s m o re p re c ise th a n th e c irc u la r a p p ro x i ma tio n m o d e l
s in c e th e F ra n k lin R o d i mp a c t o n strik in g d ista n c e h a s b e e n ta k e n in to a c c o u n t. H o w e v e r,
th e a u th o rs [1 3 ] n e v e r g iv e a n y fu rth e r v e rific a tio n stu d ie s, e ith er la b o ra to ry te sts o r in
fie ld te sts. M o re o v e r, th e p o la rity o f lig h tn in g stro k e s h a s n o t b e e n ta k e n in to a c c o u n t
w h e n o b ta in in g th e a b o v e m o d ifie d strik in g d ista n c e e q u a tio n (2 -9 ). In th e p re v io u s
stu d ie s [1 1 ,1 2 ,1 8 ], a lth o u g h th e i mp a c t o f i mp u lse p o la rity a n d th e h e ig h t o f th e F ra n k lin
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Rod are considered, the experiment results are limited by the tested distance D. The
impact of the Franklin Rod height on striking distance is also not fully investigated for
different impulse polarity and different Franklin Rods.
2.4

The Model Adopted in This Thesis
None of the presented models have taken the polarity of lightning strokes into

account. The Franklin Rod height may have different impact on the striking distance for
different impulse polarities. Chapter 3 documents the laboratory experiments to evaluate
the striking distance to a Franklin Rod under positive and negative polarity impulse.
Based on the results from Chapter 3, Chapter 4 presented the elliptical models for
different impulse polarities to approximate the protection zone. A dual-rod lightning
protection configuration is also tested to find its protection zone. Finally, the laboratory
test results were compared with those calculated results using the proposed elliptical
model.

C H A P T E R III
E V A L U A TI O N O F S T R IK IN G D IS T A N C E TO

TH E F R A N K LI N R O D

In th is c h a p te r, la b o ra to ry e x p e rim e n ts a re c o n d u c te d to fin d th e re la tio n s h ip
b e tw e e n th e strik in g d ista n c e to g ro u n d (D) a n d strik in g d ista n c e to th e F ra n k lin R o d
(D * ). B a se d o n th e e x p e rim e n t re su lt, tw o e q u a tio n s fo r c a lc u la tin g strik in g d ista n c e to
th e F ra n k lin R o d a t p o s itiv e a n d n e g a tiv e p o la rity im p u lse s a re e sta b lis h e d a n d
c o m p a re d w ith th e m e a su re d re su lts. T h e se tw o e q u a tio n s wil l a lso b e a p p lie d in th e
p re d ic tio n o f th e lig h tn in g p ro te c tio n z o n e c re a te d b y th e F ra n k lin R o d in C h a p te r 4 .
3 .1

E x p e r im e n t C o n fig u r a tio n a n d T e st P r o c e d u r e
In th e la b o ra to ry stu d y , a p h y sic a l c o n fig u ra tio n is s im ila r to th e c o m p u te r

m o d e le d e le c tric fie ld d istrib u tio n in tro d u c e d a b o v e : th e e n e rg iz e d ro d re p re se n ts th e
d o w n w a rd le a d e r, a c o n d u c tin g s h e e t is th e g ro u n d , a n d a g ro u n d e d ro d is th e F ra n k lin
R o d . Th is c o n fig u ra tio n is sh o w n in F ig u re 3 .1 .
y
D

*

x
H

D
x

F ig u re 3 .1 C o n fig u ra tio n o f strik in g d ista n c e m o d e l
T h e sta n d a rd lig h tn in g im p u lse (1 .2 /5 0 m s) is a p p lie d to te st m o d e ls d u rin g th e
e x p e rim e n ts. A M a rx im p u ls e g e n e ra to r is u se d to g e n e ra te th e lig h tin g im p u lse .
T h e re a re to ta lly 2 0 sta g e s o f th e im p u lse g e n e ra to r. E a c h sta g e c o n ta in s tw o c h a rg in g
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FDSDFLWRUVDQGHDFKFKDUJLQJFDSDFLWRULV)7KHHOHFWULFFLUFXLWRIWKHLPSXOVHLV
VKRZQLQ)LJXUH

)LJXUH(OHFWULFFLUFXLWRIWKHPXOWLVWDJHLPSXOVHJHQHUDWRU
)URP)LJXUHWKHFDSDFLWDQFHYROWDJHGLYLGHUKDVWKUHHXQLWVHDFKXQLWKDV
WKH FDSDFLWDQFH RI  S) 'XULQJ WKH H[SHULPHQWV IRU HYDOXDWLQJ VWULNLQJ GLVWDQFH
DQGSURWHFWLRQ]RQHEUDVVURGVZLWKWKHGLDPHWHURILQFKDUHDGRSWHGWRUHSUHVHQW
ERWKWKH)UDQNOLQ5RGVDQGWKHGRZQZDUGOHDGHU7ZRFRSSHUVKHHWVLQWKHGLPHQVLRQ
RIIW IWHDDUHXVHGIRUWKHJURXQGSODQH7KHZDYHVKDSHRIWKHDSSOLHGYROWDJHLV
FDSWXUHGE\D*+] FKDQQHOVGLJLWDOSKRVSKRURVFLOORVFRSHPDGHE\7HNWURQL[



7KLV VWXG\ LV FRQFHUQHG RQO\ ZLWK WKH ILQDO VWURNH DWWDFKPHQW SURFHVV WKH
HQHUJL]HG XSSHU URG UHSUHVHQWV WKH ILQDO GRZQZDUG OHDGHU 7KHUHIRUH XQGHU WKLV
VLWXDWLRQWKHVWDQGDUGOLJKWQLQJLPSXOVHLVDSSURSULDWHIRUWKHH[SHULPHQW
7KHGLVWDQFHRIWKHXSSHUURGWRJURXQGYDULHVIURPFPXSWRFPIRU
SRVLWLYH LPSXOVHVDQGFPWRFP IRUQHJDWLYH LPSXOVHV)RUHDFKSRODULW\RI
LPSXOVHWKHHYDOXDWLRQRIWKHVWULNLQJGLVWDQFH LVSHUIRUPHGZLWKURGVRIKHLJKW+ 
FPFPFPDQGFP7KHDSSOLHGYROWDJHWRWKHXSSHUURGIRUDVSHFLILF
GLVWDQFH'WRWKHJURXQGLVWKHVDPH7KHVWULNLQJGLVWDQFH' LVREWDLQHGE\PRYLQJ
WKHJURXQGHGURGLQWKH[D[LV2QFHWKH[D[LVGLVWDQFHLVIRXQG'  FDQEHFDOFXODWHG
IURPWKHIROORZLQJHTXDWLRQ
'   [   ' + 

 

7KH PDJQLWXGH RI WKH UHWXUQVWURNH FXUUHQW LV QRW FRQVLGHUHG VLQFH IRU WKH
)UDQNOLQ5RGDODUJHU OLJKWQLQJFXUUHQWZLOO OHDG WRDODUJHUVWULNLQJGLVWDQFH,QWKH
ODERUDWRU\H[SHULPHQWVWKHPDJQLWXGHRIDSSOLHG YROWDJHLVRQO\KLJKHUWKDQWKH
&ULWLFDO )ODVKRYHU 9ROWDJH &)2  7KH &)2 LV HYDOXDWHG EHIRUH WKH LQWURGXFWLRQ RI
WKHJURXQGHGURGIRUDVSHFLILFGLVWDQFH'WRWKHJURXQG7DEOHDQG7DEOHOLVW
WKHFROOHFWHG&)2YROWDJHVXQGHUSRVLWLYHDQGQHJDWLYHSRODULW\LPSXOVHV
7KH&)2 YROWDJHVDUHHVWDEOLVKHGDVUHTXLUHG E\ ,(((6WDQGDUG7KH
SURFHGXUH LV DV IROORZV 6WDUW E\ DSSO\LQJ DQ LPSXOVH KDYLQJ D SURVSHFWLYH YROWDJH
VRPHZKDW ORZHU WKDQ WKH H[SHFWHG IODVKRYHU YROWDJH UDLVLQJ WKH JHQHUDWRU FKDUJH
YROWDJH LQ DSSUR[LPDWHO\  VWHSV IRU VXEVHTXHQW LPSXOVHV XQWLO IODVKRYHU RFFXUV
7KHQDSSO\ DVHULHVRI LPSXOVHVGHFUHDVLQJWKHSURVSHFWLYH YROWDJHE\DERXW
DIWHUHYHU\ IODVKRYHUDQG LQFUHDVLQJWKHSURVSHFWLYHYROWDJHE\DERXWDIWHUHYHU\
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withstand. The CFO voltage is the average generator charge voltage used during the
series of 20 impulses.
Table 3.1 CFO voltage for Rod-Plane configuration under positive polarity impulse
D (cm)
100
110
120
130
140
150
160
180
200
250

CFO Voltage (kV)
530
586
649
700
753
803
861
971
1102
1324

Table 3.2 CFO voltage for Rod-Plane configuration under negative polarity impulse
D (cm)
100
110
120
130
140
150

CFO Voltage (kV)
-934
-1004
-1074
-1184
-1226
-1293

It is observed that for the same distance D, the negative CFO voltage is higher
than the positive CFO voltage. The positive and negative CFO voltages are drawn in
Figure 3.3 and Figure 3.4.
In order to have the flashes to the ground and to the Franklin Rod at the same
rate, voltage 5% higher than the CFO voltage is applied 20 times for each respective
distance D. By adjusting the x-axis position of the Franklin Rod, ten shots go to the
ground and 10 shots go to the tip of the Franklin Rod.
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Figure 3.3 CFO voltage for Rod-Plane configuration under positive polarity impulse
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Figure 3.4 CFO voltage for Rod-Plane configuration under negative polarity impulse

3.2

Striking Distance under Positive Polarity Impulse
Figure 3.5 to Figure 3.8 are some of the interesting photographs taken during

the measurement of striking distance. More photographs are shown in Appendix A for
measuring striking distance under positive polarity impulse. These photographs show
that for a specific test setup with a selected rod height H and a distance D from the
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lightning leader to ground, when the distance x is finely adjusted, flashes will attach to
ground or the Franklin Rod at the same probability. Streamers besides the main
channel will also develop to ground or to the Franklin Rod.

Figure 3.5 Positive polarity, H=100 cm, D=140 cm; lightning stroke to Franklin Rod
with long streamer to ground

Figure 3.6 Positive polarity, H=100 cm, D=140 cm; lightning stroke to ground with
long streamers originated both from upper rod and Franklin Rod
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Figure 3.7 Positive polarity, H=70 cm, D=250 cm; lightning stroke to ground with
multiple streamers originated from main channel and Franklin Rod

Figure 3.8 Positive polarity, H=70 cm, D=200 cm; discharge developing in two
channels.
When D, H and x are measured, the actual striking distance D* can be
calculated by equation (3-1). Table 3.3 to Table 3.6 presented the collected data for
selected rod height H=50 cm, 70 cm, 100 cm and 120 cm.
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Table 3.3 Calculation of striking distance to grounded rod, H=50 cm, positive polarity
D (cm)
100
110
120
130
140
150
160
180
200
250

x (cm)
78
87
91
94.3
97.5
98.3
105
115
120.5
130

D* (cm)
92.65
105.7
114.8
123.7
132.7
140.2
152.1
173.6
192.4
238.5

Table 3.4 Calculation of striking distance to grounded rod, H=70 cm, positive polarity
D (cm)

x (cm)

D* (cm)

100
110
120
130
140
150
160
180
200
250

83
90
99.7
106.7
110.5
114.8
125
132
130
150

88.26
98.49
111.5
122.4
130.8
139.9
154
171.8
183.8
234.3
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Table 3.5 Calculation of striking distance to grounded rod, H=100 cm, positive
polarity
D (cm)

x (cm)

D* (cm)

100

89.5

89.5

110
120

95.8
103

96.32
104.9

130
140

115
123

118.8
129.3

150
160

128
133.4

137.4
146.3

180
200

144
157.5

164.7
186.6

250

180

234.3

Table 3.6 Calculation of striking distance to grounded rod, H=120 cm, positive
polarity
D (cm)
100
110
120
130
140
150
160
180
200
250

x (cm)
N/A
N/A
107.8
110
123.2
130.8
144
155
168
191

D* (cm)
N/A
N/A
107.8
110.5
124.8
134.2
149.5
166.2
186.1
231

Figure 3.9 shows the relationship between D and D* for selected rod heights of
H=50 cm, 70 cm, 100 cm and 120 cm. It can be observed that the height H of the
grounded rod has a negative impact on the striking distance. For the same distance D,
striking distance will increase slightly with the increasing of rod height H.
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ZKHUH  ' +   $IWHU XVLQJ WKH HTXDWLRQ   WR FDOFXODWHG '  WKH FDOFXODWHG
UHVXOWVDUHFRPSDUHGZLWKWKHPHDVXUHPHQWUHVXOWLQ)LJXUHWR)LJXUH7DEOH
 WR 7DEOH  VWDWHV WKH FDOFXODWLRQ UHVXOWV DQG SHUFHQWDJH UHODWLYH HUURU WR
H[SHULPHQWDOUHVXOW
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Table 3.7 Difference between calculated result and test result, H=50 cm Positive
polarity

Striking distance (cm)

D (cm)X (cm)D* (cm)Cal D* (cm)Error (%)
100
78
92.65
92.15
-0.54
110
87
105.7
101.8
-3.64
120
91
114.8
111.5
-2.86
130 94.3 123.7
121.2
-1.98
140 97.5 132.7
130.9
-1.34
150 98.3 140.2
140.6
0.27
160 105 152.1
150.3
-1.17
180 115 173.6
169.7
-2.24
200 120.5 192.4
189.1
-1.73
250 130 238.5
237.6
-0.41

250
230
210

Measured value
Calculated

190
170
150
130
110
90

Air gap (cm)

70
100

150

200

250

300

Figure 3.10 Comparing calculated result and test result, H=50 cm Positive polarity
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Table 3.8 Difference between calculated result and test result, H=70 cm Positive
polarity

Striking distance (cm)

D (cm)X (cm)D* (cm)Cal D* (cm)Error (%)
100
83
88.26
90.3
2.31
110
90
98.49
99.97
1.51
120 99.7 111.5
109.6
-1.7
130 106.7 122.4
119.3
-2.5
140 110.5 130.8
129
-1.4
150 114.8 139.9
138.7
-0.9
160 125
154
148.4
-3.7
180 132 171.8
167.8
-2.4
200 130 183.8
187.2
1.8
250 150 234.3
235.6
0.56

250

Measured value

230

Calculated value

210
190
170
150
130
110
90

Air gap (cm)

70
100

150

200

250

300

Figure 3.11 Comparing calculated result and test result, H=70 cm Positive polarity
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Table 3.9 Difference between calculated result and test result, H=100 cm Positive
polarity

Striking distance (cm)

D (cm)X (cm)D* (cm)Cal D* (cm)Error (%)
100 89.5 89.5
87.6
-2.1
110 95.8 96.32
97.25
0.96
120 103 104.9
106.9
1.89
130 115 118.8
116.6
-1.9
140 123 129.3
126.2
-2.4
150 128 137.4
135.9
-1.1
160 133.4 146.3
145.6
-0.5
180 144 164.7
164.9
0.13
200 157.5 186.6
184.3
-1.2
250 180 234.3
232.7
-0.7

250

Measured value

230

Calculated value

210
190
170
150
130
110
90

Air gap (cm)

70
100

150

200

250

300

Figure 3.12 Comparing calculated result and test result, H=100 cm Positive polarity
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Table 3.10 Difference between calculated result and test result, H=120 cm Pos
polarity

Striking distance (cm)

D (cm)X (cm)D* (cm)Cal D* (cm)Error (%)
100 N/A N/A
N/A
N/A
110 N/A N/A
N/A
N/A
120 107.8 107.8
105.1
-2.5
130 110 110.5
114.8
3.9
140 123.2 124.8
124.4
-0.3
150 130.8 134.2
134.1
-0.1
160 144 149.5
143.7
-3.8
180 155 166.2
163.1
-1.9
200 168 186.1
182.4
-2
250 191
231
230.9
-0.1

250

Measured value

230

Calculated value
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190
170
150
130
110
90

Air gap (cm)

70
100

150

200

250

300

Figure 3.13 Comparing calculated result and test result, H=120 cm Positive polarity
The maximum observed percentage relative differences are 3.6% for H=50 cm,
3.7% for H=70 cm, 2.4% for H=100 cm and 3.9% for H=120 cm. The calculated
striking distance is generally slightly lower than the measured result, which will lead
to a more conservative evaluation of the protection zone.
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3.3

Striking Distance Under Negative Polarity Impulse
How the striking distance to Franklin Rod might be different under positive

and negative polarity impulse was discussed in Chapter 2. This phenomenon is
determined by the different breakdown mechanism for negative and positive polarity
impulse. Similar to the laboratory experiment introduced in section 3.2, in this section
the striking distance D* is measured under negative polarity impulses with the same
test procedures. Adjusting the x-axis position of the Franklin Rod achieves 50%
flashes to ground and 50% flashes to the Franklin Rod.
Photographs are shown in Appendix B for measuring the striking distance
under negative polarity impulses. When D, H and x is measured, the actual striking
distance D* can be calculated by equation (3-1). Table 3.11 to Table 3.14 present the
collected data for selected rod height H=50 cm, 70 cm, 100 cm and 120 cm.
Table 3.11 Collected experiment results, Negative H=50 cm
D (cm)
100
110
120
130
140
150

x (cm)
99.5
105
110.6
124.2
125
135.5

D* (cm)
111.4
120.9
130.9
138
154
164

Table 3.12 Collected experiment results, Negative H=70 cm
D (cm)
100
110
120
130
140
150

x (cm)
110.2
112.8
122.2
125.8
131.5
144.3

D* (cm)
114.2
119.7
132
139.4
149
167
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Table 3.13 Collected experiment results, Negative H=100 cm
D (cm)
100
110
120
130
140
150

x (cm)
114.7
120.8
135
141
145.5
155

D* (cm)
114.7
121.2
136.5
144.2
150.9
168

Table 3.14 Collected experiment results, Negative H=120 cm
D (cm)
100
110
120
130
140
150

x (cm)
N/A
N/A
134.6
142.2
152.3
165

D* (cm)
N/A
N/A
134.6
142.6
153.6
170

Figure 3.14 shows the relationship between D and D* for selected rod height
H=50 cm, 70 cm, 100 cm and 120 cm. The rod height H has a positive impact on the
striking distance to the Franklin Rod. For the same distance D, striking distance will
decrease slightly with the increasing of rod height H.
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Table 3.16 Difference between calculated result and test result, H=70 cm Neg.
polarity
D (cm)X (cm)D* (cm)Cal D* (cm)Error (%)
100 110.2 114.2
107.9
-5.51
110 112.8 119.7
119.6
-0.09
120 122.2 132
131.3
-0.58
130 125.8 139.4
143
2.61
140 131.5 149
154.8
3.9
150 144.3 167
166.6
-0.25

Table 3.17 Difference between calculated result and test result, H=100 cm Neg.
polarity
D (cm)X (cm)D* (cm)Cal D* (cm)Error (%)
100 114.7 114.7
104.8
-8.61
110 120.8 121.2
116.2
-4.11
120 135 136.5
127.7
-6.42
130 141 144.2
139.3
-3.4
140 145.5 150.9
150.8
-0.03
150 155
168
162.5
-3.28
Table 3.18 Difference between calculated result and test result, H=120 cm Neg.
polarity
D (cm)X (cm)D* (cm)Cal D* (cm)Error (%)
100 N/A N/A
N/A
N/A
110 N/A N/A
N/A
N/A
120 134.6 134.6
125.8
-6.54
130 142.2 142.6
137.2
-3.76
140 152.3 153.6
148.7
-3.22
150 165
170
160.2
-5.78

Striking distance (cm)
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Figure 3.15 Comparing calculated result and test result, H=50 cm Neg. polarity
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Figure 3.16 Comparing calculated result and test result, H=70 cm Neg. polarity
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Figure 3.17 Comparing calculated result and test result, H=100 cm Neg. polarity
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Figure 3.18 Comparing calculated result and test result, H=120 cm Neg. polarity
The maximum observed percentage relative differences are 3.8% for H=50 cm,
5.5% for H=70 cm, 8.6% for H=100 cm, 6.5% for H=120 cm. The calculated striking
distance is lower than the measured result for the longer Franklin Rod, which leads to
a more conservative evaluation of the protection zone.
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3.4

Summary
1). For positive polarity lightning strokes, with increasing height of the

grounding rod, striking distance slightly decreases. The height of the rod has a
negative impact on striking distance.
2). For negative polarity lightning strokes, with the increasing height of the
grounding rod, striking distance slightly increases. The height of the rod has a positive
impact on striking distance.
3). Observing the slopes of the linear equations (Figure 3.9 and Figure 3.14)
for different distances of the upper rod to ground, with an increasing distance D, the
slope for positive impulses increases slightly while decreases slightly for negative
impulses.
4). For positive polarity lightning strokes, the striking distance to ground is
longer than striking distance to the grounded rod. For negative polarity lightning
strokes, the striking distance to ground is shorter than striking distance to the
grounded rod.

CHAPTER IV
EVALUATION OF THE PROTECTION ZONE OF THE FRANKLIN ROD
Based on the findings in Chapter 3, the striking distance to ground and the
Franklin Rod are different; this chapter presents an implemented elliptical model to
evaluate the protection zone of the Franklin Rod under positive and negative polarity
impulse. The electric field distribution in the pre-breakdown stage is analyzed for
one-rod and dual-rod configuration system. Mathematical equations are set up to
predict the protection zone of one-rod and dual-rod configuration system. Laboratory
experiments are conducted to check the protection zone for varied heights of the
protected object. The experiment results are compared with the calculation results by
using the proposed equations.
4.1

Definition of the Protection Zone of the Franklin Rod
The current prevalent rolling sphere method assumes that the striking

distances toward ground (D) and toward the tip of the Franklin Rod (D*) have the
same length. Therefore, the protection zone of the Franklin Rod can be drawn as a
segment of a circle tangent to both ground and the tip of the Franklin Rod. Previous
studies [11, 12, 18] have proven that D and D* are not equal, and relation between D
and D* is different under positive and negative polarity impulses. Therefore, the
traditional rolling sphere model does not evaluate precisely the lightning protection
zone [22]. Based on this consideration, an elliptical model is established to evaluate
the protection zone created by the Franklin Rod. Figure 4.1 shows the proposed
elliptical model [11, 12, 18]. Figure 4.1a is the elliptical model for positive impulse
50
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a n d F ig u re 4 .1 b fo r n e g a tiv e im p u lse s. N e w e x p e rim e n ta l d a ta a re c o lle c te d b y u s in g
v a rie d F ra n k lin R o d a n d d iffe re n t im p u ls e p o la ritie s. M o re p ro te c tio n p o s itio n s a re
v e rifie d b y e x p e rim e n ts a n d c o m p a re d w ith c a lc u la tio n re su lt.
y

y

D *< D
H

D *> D
D

H

D
x

x

(a ) P o sitiv e p o la rity

(b ) N e g a tiv e p o la rity

F ig u re 4 .1 E llip tic a l lig h tn in g p ro te c tio n m o d e l fo r d iffe re n t p o la rity o f th e lig h tn in g
im p u lse
F o r p o sitiv e p o la rity im p u lse s, th e lo n g a rm o f th e e llip tic a l m o d e l is th e
d ista n c e b e tw e e n th e d o w n w a rd le a d e r to g ro u n d . O n th e c o n tra ry , fo r n e g a tiv e
im p u lse s, th e lo n g a rm is th e la te ra l d ista n c e b e tw e e n th e d o w n w a rd le a d e r to th e
F ra n k lin R o d . T h e e llip tic a l m o d e ls fo r d iffe re n t p o la rity im p u ls e s a re in a g re e m e n t
w ith p re v io u s a n a ly s is in C h a p te r 3 . T h e lig h tn in g p ro te c tio n z o n e o f th e F ra n k lin R o d
d e p e n d s o n th e g iv e n e llip tic a l m o d e l. T h e lo w e r p a rt o f th e e llip se , w h ic h is ta n g e n t
to b o th th e tip o f th e F ra n k lin R o d a n d g ro u n d , is th e lig h tn in g p ro te c tio n z o n e o f th e
F ra n k lin R o d .
S u p p o sin g th e strik in g d ista n c e to th e F ra n k lin R o d is k n o w n b y e q u a tio n (3 -2 )
o r (3 -3 ), th e la te ra l a rm a 0 o f th e e llip tic a l m o d e l c a n b e c a lc u la te d m a th e m a tic a lly b y
e q u a tio n (4 -1 ). Th e v e rtic a l a rm o f th e e llip tic a l m o d e l is ju st th e d ista n c e b e tw e e n th e
d o w n w a rd le a d e r a n d g ro u n d D .
a0 = D

D * 2 - (D - H ) 2
D 2 - (D - H ) 2

(4 -1)
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Following this method, the lightning protection zone of the Franklin Rod with
a height of 10 m can be drawn in Figure 4.2.

Figure 4.2 Lightning protection zone of Franklin Rod with a height of 10m. The
distance between the downward leader and ground is 30 m and 40 m
Figure 4.2 shows that the lightning protection zone of the positive polarity
situation is much lower than the negative situation, and the protection distance along
the x-axis is also shorter. The protection zone of the Franklin Rod will extend longer
and higher for both negative and positive lightning impulse when D varies from 30 m
to 40 m.
The protection zone predicted by the rolling sphere method and the proposed
elliptical models are compared in Figure 4.3. The Franklin Rod height H is 10 m, and
the distance D is 30m.
Figure 4.3 demonstrates that the protection zone of the Franklin Rod by
positive elliptical modeling method is the narrowest, and the protection zone of the
Franklin Rod by negative elliptical modeling method is the widest. The protection
zone derived from the rolling sphere method is in the middle of the previous
mentioned two models. Considering that a more conservative protection zone leads to
safer protection effect, the rolling sphere method is good enough for negative
lightning strokes, but not for positive lightning strokes. Hence, to increase the ability
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of lightning protection and reduce lightning accidents rate, lightning protection design
should follow the rules associated with positive polarity strokes.

Figure 4.3 Comparing the lightning protection zone predicted by rolling sphere
method and elliptical modeling method, H=10 m, D=30 m
4.2

Electric Field Distribution in Pre-breakdown Stage for Lightning
Protection Model
On the basis of the electric field distribution analysis in Section 2.3, an

additional grounded rod is added between the upper rod and the Franklin Rod to
represent the protected object. The height of the small rod should be lower than the
Franklin Rod to be protected from lightning strokes. By changing the height of the
small rod, computer simulation is performed following the procedures in Figure 2.6 to
observe the changing of the electric field distribution. Figure 4.4 to Figure 4.6 are the
field distributions for varied heights of the small rod, while the distance of the upper
rod to ground and the height of the bigger rod stay the same. The x-axis position of all
the rods is also the same.

54

Figure 4.4 Field distribution of the lightning protection model, H=D, small rod in the
protection zone

Figure 4.5 Field distribution of the lightning protection model, H=D, small rod is on
the edge of the protection curve

Figure 4.6 Field distribution of the lightning protection model, H=D, small rod out of
protection zone
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From Figure 4.4 to Figure 4.6, it is interesting that the height of the small rod
will change the electric field distribution dramatically, which will change the final
attachment of the lightning stroke. With the increasing of the small center rod height,
the electric field stress around the tip of the upper rod will increase slightly. When the
center rod reaches a certain height, the electric field stress around the small rod is
close to the stress around the big Franklin Rod. In this case, the lightning stroke has
the same chance to attach the Franklin Rod or the small rod, and it can be defined that
the small rod is on the edge of the protection curve. When the small rod beyond the
critical height, the electric field stress around the tip of small rod is larger than the
stress around the Franklin Rod, and the lightning stroke has a bigger chance to hit the
small rod. However, the field distribution cannot account for the impact from impulse
polarity. Only laboratory experiments can reveal the real principle of the lightning
protection zone.
The electric field distribution for a dual-rod protection system is also analyzed
in Figure 4.7 to Figure 4.9. The dual-rod protection system is widely used in the
lightning protection of power substation and high towers in power transmission
system. The detailed application will be introduced in Section 4.4.
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Figure 4.7 Field distribution of the lightning protection zone model, central rod in the
protection zone

Figure 4.8 Field distribution of the lightning protection zone model, central rod on the
edge of protection zone

Figure 4.9 Field distribution of the lightning protection zone model, central rod out of
the protection zone
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4) Check the applied voltage from the test data obtained in Chapter 3, which is
5% higher than the CFO voltage for selected D and polarity of the
impulses.
5) Place the small rod between the upper rod and the Franklin Rod. The x-axis
position of the small rod should be started from 50 cm to the upper rod
then later changed in 10 cm increments till reaching 100 cm.
6) Charge the impulse generator to have flashes on the protection model.
7) Adjust the height of the small rod to have 1/3 of the flashes to ground, 1/3
of the flashes to the small rod, 1/3 of the flashes to the Franklin Rod.
8) Record the height of the small rod.
10). Go back to Step 5) to change the x-axis position of the small rod.
11). Go back to Step 1) and change to another Franklin Rod of different height.
Figure 4.10, Figure 4.11 and Figure 4.12 show the different attachments for
the same configuration during the evaluation of the protection zone. The position of
the small rod is the same in all three figures. In order to evaluate the protection zone
curve, the position of small rod was so selected for the same probability of flash to the
big rod, the small rod and the ground plane. More photographs can be found in
Appendix C.
The attachment is to the big rod in Figure 4.10. The small rod is on the edge of
the protection zone created by the bigger rod. The striking distance to the bigger rod
and to ground is very close. Besides the attachment to the bigger rod, a long streamer
to ground is also observed.
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Figure 4.10 Verifying the protection zone, large rod exposed to lightning stroke.

Figure 4.11 Verifying the protection zone, small rod exposed to lightning stroke

Figure 4.12 Verifying the protection zone, ground plane exposed to lightning stroke
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Table 4.2 Measured and calculated height of protected object at selected x-axis
position, Positive polarity, H=100 cm, D=120 cm
x-axis Position (cm) Measured h (cm)Calculated h (cm) Diff. (cm)
60
26
21
5
70
34
30
4
80
41.8
41
0.8
90
57
55.8
1.2
Table 4.3 Measured and calculated height of protected object at selected x-axis
position, Positive polarity, H=120 cm, D=120 cm
x-axis Position (cm) Measured h (cm)Calculated h (cm) Diff. (cm)
60
24
21.5
2.5
70
30
30.5
-0.5
80
38
42
-4
90
60
57
3
Table 4.4 Measured and calculated height of protected object at selected x-axis
position, Positive polarity, H=70 cm, D=120 cm

Height of protection zone (cm)

x-axis Position (cm) Measured h (cm)Calculated h (cm) Diff. (cm)
60
25
20.5
4.5
70
33
29
4
80
44
40
4

45

Experiment result

40

Calculation result

35
30
25
20
15
10
5

Lateral distance from downward leader (cm)

0
50

55

60

65

70

75

Figure 4.13 Measured and calculated height of protected object at selected x-axis
position, Positive polarity, H=100 cm, D=100 cm
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Figure 4.14 Measured and calculated height of protected object at selected x-axis
position, Positive polarity, H=100 cm, D=120 cm

70

Experiment result
Calculation result

60
50
40
30
20
10

Lateral distance from downward leader (cm)
0
50

60

70

80

90

100

Figure 4.15 Measured and calculated height of protected object at selected x-axis
position, Positive polarity, H=120 cm, D=120 cm
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Figure 4.16 Measured and calculated height of protected object at selected x-axis
position, Positive polarity, H=70 cm, D=120 cm
4.3.3 Lightning Protection Zone under Negative Polarity Impulse
Following the same method and test procedure introduced in Section 4.3.2, the
measured and calculated height of protected object h at selected H, D and x are listed
in Table 5 to Table 8, and compared in Figure 4.17 to Figure 4.20.
Table 4.5 Measured and calculated height of protected object at selected x-axis
position, Negative polarity, H=100 cm, D=120 cm
x-axis Position (cm) Measured h (cm)Calculated h (cm) Miss. (cm)
110
58
53
5
100
44
41
3
90
34
32
2
80
25
24.2
0.8
Table 4.6 Measured and calculated height of protected object at selected x-axis
position, Negative polarity, H=100 cm, D=100 cm
x-axis Position (cm) Measured h (cm)Calculated h (cm) Miss. (cm)
80
27
28
-1
90
36.5
37
-0.5
100
51
50
1
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Table 4.7 Measured and calculated height of protected object at selected x-axis
position, Negative polarity, H=70 cm, D=100 cm
x-axis Position (cm) Measured h (cm)Calculated h (cm) Miss. (cm)
70
26
23
3
80
33
31
2
90
45
42
3
Table 4.8 Measured and calculated height of protected object at selected x-axis
position, Negative polarity, H=120 cm, D=120 cm

Height of protection zone (cm)

x-axis Position (cm) Measured h (cm)Calculated h (cm) Miss. (cm)
70
22
19
3
80
31.5
28
3.5
90
42
38
4
100
49
46
3
110
63
59
4
120
77
76
1
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Figure 4.17 Measured and calculated height of protected object at selected x-axis
position, Negative polarity, H=100 cm, D=120 cm
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Figure 4.18 Measured and calculated height of protected object at selected x-axis
position, Negative polarity, H=100 cm, D=100 cm
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Figure 4.19 Measured and calculated height of protected object at selected x-axis
position, Negative polarity, H=70 cm, D=100 cm
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Figure 4.20 Measured and calculated height of protected object at selected x-axis
position, Negative polarity, H=120 cm, D=120 cm
4.3.4 Summary
The differences between measured and calculated results are very close at both
positive and negative polarity impulse. The maximum difference is 5 cm, and the
calculated results are generally smaller than the measured result, which will lead to
more conservative lightning protection effect.

4.4

Dual-rod Lightning Protection Model
In an actual power substation, which often contains multiple voltage level,

may use multiple lightning mast to achieve satisfying lightning protection for the
expensive high voltage equipment. Figure 4.21 shows a typical dual-rod lightning
protection system, which is designed to protect against lightning current higher than Is.
The protection zone outer side the dual-rod system can be determined by the studies
in Section 4.3. The protection zone between the masts is defined by an arc of radius S
with the center at the intersection of the two dashed arcs. The protective zone can
again be visualized as the surface of a sphere with radius S, which is rolled toward a
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mast until touching the mast, then rolled up and over the mast such that the masts
would support it. The electric field distribution for the dual-rod system has been
analyzed in Section 4.2. It has been expected that object under certain height between
two Franklin Rods can never be hit by lightning strokes. This height is the minimal
height to be protected by the dual-rod system [24].

Figure 4.21 Multiple shield mast protection for stroke current Is [23] using Rolling
Sphere Method
According to the previous analysis in Section 4.2 and Section 4.3, the rod
height and impulse polarity will affect the protection zone of the single Franklin Rod.
How will the dual-rod system be affected? How to find the protection zone of the
dual-rod system? These are the problems to be solved in this section.
The configuration of the dual-rod system can be found in Figure 4.22. The two
grounded bigger rods are the Franklin Rods, the small grounded rod is the protected
object and the upper rod represents the downward leader. The lateral distance of the
Franklin Rods to the upper rod is always equal, and the small rod is always straightly
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u n d e r th e u p p e r ro d . T h e h e ig h t o f th e u p p e r ro d is a lw a y s h ig h e r th a n th e h e ig h t o f
th e F ra n k lin R o d . Th e e x p e rim e n t p ro c e d u re is a s fo llo w s:
1 ). F o r a se le c te d h e ig h t o f th e u p p e r ro d D a n d h e ig h t o f F ra n k lin R o d s, th e x -a x is
p o sitio n o f th e F ra n k lin R o d s w ill b e v a rie d fro m 3 0 c m , in 1 0 c m in c re m e n ts till
re a c h in g 8 0 c m ..
2 ). F o r e a c h x -a x is p o sitio n o f th e F ra n k lin R o d s, th e C F O v o lta g e is m e a su re d first.
T h e n a p p ly v o lta g e 5 % h ig h e r th a n C F O v o lta g e to h a v e 5 0 % fla s h e s to le ft F ra n k lin
R o d a n d 5 0 % fla sh e s to rig h t F ra n k lin R o d .
3 ). F in a lly a d d th e s m a ll ro d stra ig h t u n d e r th e u p p e r ro d a n d a d ju st th e h e ig h t o f th e
sm a ll ro d to h a v e 1 /3 o f fla s h e s to th e s m a ll ro d , 1 /3 fla s h e s to th e le ft ro d a n d 1 /3
fla sh e s to th e rig h t ro d .
4 ). R e c o rd th e h e ig h t o f th e sm a ll ro d a n d c o m p a re w ith th e c a lc u la tio n re su lt.
5 ). C h a n g e th e p o la rity o f th e a p p lie d v o lta g e a n d re p e a t th e te st.
6 ). G o b a c k to S te p 1 to c h a n g e th e x -a x is p o sitio n o f th e F ra n k lin R o d s a n d re p e a t th e
te st.
7 ). C h a n g e a n o th e r p a ir o f F ra n k lin R o d s w ith d iffe re n t h e ig h t a n d sta rt fro m St e p 1
a g a in .
y

y

D ³
H

H

h

x
x

x

F ig u re 4 .2 2 C o n fig u ra tio n o f th e d u a l-ro d p ro te c tio n m o d e l
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ERWK QHJDWLYH DQG SRVLWLYH SRODULW\ LPSXOVHV $SSHQGL[ ' VKRZV WKH SKRWRJUDSKV
WDNHQGXULQJWKHGXDOURGH[SHULPHQWV
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Table 4.10 Measured and calculated height of center object, H=100 cm, D=120 cm.
x-axis position Measured h Measured h Calculated h Diff.
Diff.
(cm)
(cm), Pos. (cm), Neg.
(cm), Pos. (cm), Neg.
(cm)
30
86
87
84
-2
-3
40
75.5
79
75.27
-0.23
-3.73
60
55
57
56.75
1.75
-0.25
80
37
41
37.54
0.54
-3.46

Table 4.11 Measured and calculated height of center object, H=120 cm, D=120 cm.

Height of protection zone (cm)

x-axis position Measured h Measured h Calculated h Diff.
Diff.
(cm), Pos. (cm), Neg.
(cm)
(cm)
(cm), Pos. (cm), Neg.
30
92
94.5
90
-2
-4.5
40
84.5
81.5
80
-4.5
-1.5
60
65
67.5
60
-5
-7.5
80
44.5
45
40
-4.5
-5
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Figure 4.23 Comparison of the measured and calculated height of protected object,
H=70 cm, D=120 cm

Height of protection zone (cm)
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Figure 4.24 Comparison of the measured and calculated height of protected object,
H=100 cm, D=120 cm
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Figure 4.25 Comparison of the measured and calculated height of protected object,
H=120 cm, D=120 cm
The measured and calculated heights of the protected object for selected H, D
and x are very close and exhibit the same variation. The calculated results by using the
rolling sphere circular model are slightly lower than the measured results. The
measured height of the protected object under negative polarity impulse is slightly
higher than under positive polarity impulse. The rolling sphere circular model is
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satisfactory to estimate the protection zone between two Franklin Rods for both
negative and positive impulse polarities. However, the elliptical model is
recommended to evaluate the protection zone on the outer side of the dual-rod
protection system.
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%DVHGRQWKHUHYLHZRIWKHSUHYLRXVVWXG\RQWKHHOHFWURJHRPHWULFPRGHODQG
WKHUHFHQWWKHRUHWLFH[SORUDWLRQRIWKHOLJKWQLQJVWULNLQJGLVWDQFHDQHOOLSWLFDOPRGHOLV
HVWDEOLVKHG WR HYDOXDWH WKH VWULNLQJ GLVWDQFH WR WKH )UDQNOLQ 5RG DQG WKH SURWHFWLRQ
]RQHFUHDWHGE\WKH)UDQNOLQ 5RG7KLVHOOLSWLFDO PRGHO LV ILUVWVLPXODWHGLQDYLUWXDO
HQYLURQPHQW WR DQDO\]H WKH HOHFWULF ILHOG GLVWULEXWLRQ LQ WKH SUHEUHDNGRZQ VWDJH
/DWHU DFFRUGLQJ WR WKH DFWXDO FRQILJXUDWLRQ RI WKH HOOLSWLFDO PRGHO ODERUDWRU\
H[SHULPHQWVDUHFRQGXFWHG$PDWKHPDWLFDOPRGHOLVEXLOWEDVHGRQWKHH[SHULPHQWDO
GDWD)LQDOO\WKHH[SHULPHQWUHVXOWVDUHFRPSDUHGZLWKWKHFDOFXODWLRQUHVXOW,QRUGHU
WRFORVHO\UHODWHWKLVVWXG\WRUHDOSUDFWLFHDGXDOURGSURWHFWLRQV\VWHPLVDOVRVWXGLHG
7KHPDLQFRQWULEXWLRQRIWKLVWKHVLVFDQEHFRQFOXGHGDVIROORZV
 7KH DQDO\VLV RI WKH HOHFWULF ILHOG GLVWULEXWLRQ LQ WKH SUHEUHDNGRZQ VWDJH
LQGLFDWHG WKH VWULNLQJ GLVWDQFH WR JURXQG DQG WKH )UDQNOLQ 5RG VKRXOG EH
GLIIHUHQW
 7KHKHLJKWRIWKH)UDQNOLQ5RGZLOOFKDQJHWKHILHOGGLVWULEXWLRQDQGWKHQ
FKDQJHWKHVWULNLQJGLVWDQFHV
 )RUDVLQJOH)UDQNOLQ5RGSURWHFWLRQV\VWHPLIDQREMHFWLVORFDWHGRQWKH
HGJHRIWKHSURWHFWLRQFXUYHWKHHOHFWULFILHOGGLVWULEXWLRQLVPRUHXQLIRUP
WKDQLQRWKHUFDVHVZKHUHWKHSURWHFWHGREMHFWLVRXWRIWKHSURWHFWLRQHGJH
 7KHVWULNLQJGLVWDQFHWRDJURXQGHGREMHFWLVORQJHUWKDQWRJURXQGGLUHFWO\
IRUQHJDWLYHOLJKWQLQJLPSXOVHVDQGVKRUWHUIRUSRVLWLYHOLJKWQLQJLPSXOVHV
7KLVSKHQRPHQRQLVGXHWRWKHHOHFWULFILHOGGLVWULEXWLRQDQGWKHHOHFWULFDO
EUHDNGRZQPHFKDQLVPRIGLIIHUHQWLPSXOVHSRODULWLHV





 )RU D VLQJOH )UDQNOLQ 5RG V\VWHP WKH KHLJKW RI WKH )UDQNOLQ 5RG KDV D
QHJDWLYHLPSDFWRQWKHVWULNLQJGLVWDQFHIRUSRVLWLYHSRODULW\LPSXOVHVDQG
D SRVLWLYH LPSDFW RQ WKH VWULNLQJ GLVWDQFH IRU QHJDWLYH SRODULW\ LPSXOVHV
 7KHHTXDWLRQVIRUHYDOXDWLQJWKHVWULNLQJGLVWDQFHDQGWKHSURWHFWLRQ]RQH
GHSHQG RQ SRODULW\ RI WKH OLJKWQLQJ VWURNHV DQG WKH H[SRQHQWLDO IXQFWLRQ
H[S +' 
 $Q HOOLSWLFDO PRGHO FDQ H[SUHVV WKH OLJKWQLQJ SURWHFWLRQ ]RQH RI D VLQJOH
)UDQNOLQ 5RG V\VWHP )RU SRVLWLYH SRODULW\ LPSXOVHV WKH ORQJ DUP RI WKH
HOOLSWLFDO PRGHO LV WKH GLVWDQFH EHWZHHQ WKH GRZQZDUG OHDGHU DQG WKH
JURXQG2QWKHFRQWUDU\IRUQHJDWLYHLPSXOVHVWKHORQJDUPLVWKHODWHUDO
GLVWDQFH EHWZHHQ WKH GRZQZDUG OHDGHU DQG WKH )UDQNOLQ 5RG 7KH
FDOFXODWLRQUHVXOWLVYHU\FORVHWRWKHSUDFWLFDOH[SHULPHQWUHVXOW
 7KHOLJKWQLQJSURWHFWLRQ]RQHRIWKH)UDQNOLQ5RGXQGHUQHJDWLYHSRODULW\
LPSXOVHVLVODUJHUWKDQSRVLWLYHSRODULW\LPSXOVHV
 )RUDGXDOURGSURWHFWLRQV\VWHPWKHHOHFWULFILHOGGLVWULEXWLRQVXUURXQGLQJ
WKHWZR)UDQNOLQ5RGVLVDOZD\VKLJKHUWKDQWKHSURWHFWHGREMHFWXQOHVVWKH
SURWHFWHGREMHFWUHDFKHVDFHUWDLQKHLJKW7KLVKHLJKWZLOO EHWKHPD[LPDO
KHLJKWWREHSURWHFWHGE\WKH)UDQNOLQ5RGV
 )RU D GXDOURG SURWHFWLRQ V\VWHP WKH HOOLSWLFDO PRGHOLQJ PHWKRG FDQ EH
XVHGWRHYDOXDWHWKHSURWHFWLRQ]RQHRQWKHRXWHUVLGHVRIWKHWZR)UDQNOLQ
5RGV 7KH SURWHFWLRQ ]RQH EHWZHHQ )UDQNOLQ 5RGV FDQ EH HVWLPDWHG ZHOO
E\ 5ROOLQJ 6SKHUH &LUFXODU PRGHO 7KH FDOFXODWHG UHVXOW E\ WKH 5ROOLQJ
6SKHUH0HWKRGDQGWKHH[SHULPHQWUHVXOWZLWK ERWKQHJDWLYHDQGSRVLWLYH
SRODULW\LPSXOVHVDUHYHU\FORVH
)XWXUHUHVHDUFK LVUHFRPPHQGHG IRUWKHHYDOXDWLRQRIWKHVWULNLQJGLVWDQFHWR
WKH )UDQNOLQ 5RG /RQJHU GLVWDQFH ' FDQ EH DGRSWHG 7KH DUHD RI WKH JURXQG SODQH
VKRXOG EH GHVLJQHG HYHQ ODUJHU WR JHW PRUH DFFXUDWH PHDVXUHPHQW )RXUURG
SURWHFWLRQV\VWHPFDQEHWHVWHGIRUWKHSURWHFWLRQ]RQH
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APPENDIX A
STRIKING DISTANCE UNDER POSITIVE POLARITY IMPULSE

78

79

H=100 cm, D=110 cm, x=95.8 cm, Positive polarity impulse

H=100 cm, D=130 cm, x=115 cm, Positive polarity impulse
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H=100 cm, D=160 cm, x=133.4 cm, Positive polarity impulse

H=100 cm, D=180 cm, x=144 cm, Positive polarity impulse

H=100 cm, D=200 cm, x=158 cm, Positive polarity impulse
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H=70 cm, D=250 cm, x=150 cm, Positive polarity impulse

H=70 cm, D=180 cm, x=132 cm, Positive polarity impulse

H=70 cm, D=200 cm, x=130 cm, Positive polarity impulse
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H=50 cm, D=150 cm, x=98.3 cm, Positive polarity impulse

H=70 cm, D=150 cm, x=114.8 cm, Positive polarity impulse

H=120 cm, D=150 cm, x=130.8 cm, Positive polarity impulse
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H=140 cm, D=50 cm, x=97.5 cm, Positive polarity impulse

H=120 cm, D=130 cm, x=110 cm, Positive polarity impulse

APPENDIX B
STRIKING DISTANCE UNDER NEGATIVE POLARITY IMPULSE
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H=50 cm, D=100 cm, x=99.5 cm, Negative polarity impulse

H=50 cm, D=110 cm, x=105 cm, Negative polarity impulse

H=70 cm, D=100 cm, x=110 cm, Negative polarity impulse
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H=70 cm, D=140 cm, x=131.5 cm, Negative polarity impulse

H=100 cm, D=100 cm, x=114.7 cm, Negative polarity impulse

H=100 cm, D=110 cm, x=120.8 cm, Negative polarity impulse
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H=100 cm, D=140 cm, x=145.5 cm, Negative polarity impulse

H=100 cm, D=150 cm, x=155 cm, Negative polarity impulse

H=120 cm, D=130 cm, x=142.2 cm, Negative polarity impulse
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H=120 cm, D=140 cm, x=152.3 cm, Negative polarity impulse

H=120 cm, D=150 cm, x=165 cm, Negative polarity impulse

APPENDIX C
EVALUATION OF FRANKLIN ROD PROTECTION ZONE
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y
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D
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h
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x

C o n fig u ra tio n o f L ig h tn in g P ro te c tio n M o d e l

H = 1 0 0 c m , D = 1 0 0 c m , h = 2 0 c m , x = 5 1 .5 c m , P o sitiv e p o la rity i mp u lse
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H=100 cm, D=100 cm, h=28.5 cm, x=54.5 cm, Positive polarity impulse

H=100 cm, D=100 cm, h=50 cm, x=80 cm, Positive polarity impulse
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H=120 cm, D=120, x= 70 cm, h=30 cm, Positive polarity impulse

H=100 cm, D=120,
x= 80 cm, h=41.8 cm, Positive

H=70 cm, D=120,
x=80 cm, h=44 cm, Positive
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H=100 cm, D=120, h=26 cm, x=40 cm, Pos.

H=70 cm, D=120, h=33 cm, x=60 cm, Pos.

H=70 cm, D=100, x=70 cm, h=26 cm, Negative polarity impulse
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H=100 cm, D=120 cm, x=90 cm, h=34 cm, Negative polarity impulse

H=100 cm, D=120 cm, x=80 cm, H=25 cm, Negative polarity impulse

APPENDIX D
PROTECTION ZONE OF DUAL-RODS PROTECTION SYSTEM
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H=100 cm, x=30 cm, h=86 cm, Positive polarity impulse

H=100 cm, x=30 cm, h=87 cm, Negative polarity impulse
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H=100 cm, x=80 cm, h=37 cm, Positive polarity impulse

H=100 cm, x=80 cm, h=41 cm, Negative polarity impulse
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H=120 cm, x=30 cm, h=92 cm, Positive polarity impulse

H=120 cm, x=30 cm, h=94.5 cm, Negative polarity impulse

